The intestinal immune system is tailored to fight pathogens effectively while tolerating the indigenous microbiota. Impairments of this homeostatic interaction may contribute to the etiology of various diseases including inflammatory bowel diseases. However, the molecular architecture underlying this complex regulatory interaction is not well understood. Here, we show that the fruit fly Drosophila melanogaster has a multilayered intestinal immune system that ensures strictly localized antimicrobial responses. Enterocytes, a major cell population of the intestine, produced antimicrobial peptides (AMPs) in a FoxO-but not NF-jB-dependent manner. Consequently, animals impaired in FoxO-mediated signaling had a significantly lowered resistance to intestinal infections; they were unable to increase the expression of AMP genes and males showed an increased bacterial load in response to an infection. Conventional innate immune signaling converging onto NF-jB activation was operative in only a few regions of the intestine, comprising the proventriculus, copper cells, and intestinal stem cells. Taken together, our results imply that danger-mediated as well as conventional innate immune signaling constitute modules that contribute to the fruit fly's intestinal immune system. We propose that this special architecture ensures localized and efficient antimicrobial responses against invasive pathogens while preserving the microbiota.
INTRODUCTION
The evolution of the intestinal immune system has been driven by the need to protect the organism from intestinal pathogens while supporting and preserving the complex and beneficial microbiota. 1 In charge of the multifaceted interactions between the host and the environment is the intestinal epithelium. Epithelia are not only simple physical barriers but also sentinels that detect and fight pathogens. Moreover, they orchestrate most aspects of the mucosal immune response, presumably mediated through their innate immune signaling pathways. Besides its role in defense against pathogens, the intestinal epithelium shapes the composition of the indigenous microbiota by constant release of antimicrobial compounds. To reconcile these conflicting goals, the architecture of the intestinal immune system follows two major strategies, namely, stratification and compartmentalization of intestinal bacteria. 1 Reducing direct contact between bacteria and epithelial cells (stratification) is of prime importance for the reduction of unwanted activation of the epithelial innate immune system. In mammals, the mucus layer, which is a relatively sterile barrier between epithelial cells and intestinal bacteria, is responsible for stratification. Mucus sterility is achieved by inclusion of antimicrobial compounds such as lectins or antimicrobial peptides (AMPs). 2 Compartmentalization, on the other hand, is based on the effective removal of intestinal bacteria that penetrate the antimicrobial barrier. In addition to these general strategies, some endangered regions of the intestinal epithelium require special protection. Paneth cells guard crypts of the small intestine containing intestinal stem cells (ISCs). 3 To achieve all these goals, the intestinal immune system has to be well balanced, which is achieved by dampening generalized immune responses that would compromise the microbiota while focusing these responses to highly endangered sites.
Prolonged impairment of the homeostatic balance between epithelial immunity and tolerance is believed to be responsible for a chain of events leading to chronic inflammatory responses, as manifested in inflammatory bowel diseases. [4] [5] [6] Inflammatory bowel diseases are complex, polygenic diseases, with environmental factors as well as genetic predisposition contributing to pathogenesis. Although the role of environmental factors is not well understood, 7 a number of susceptibility genes have been identified. 8 The first identified susceptibility gene for Morbus Crohn, NOD2, is an intracellular pattern recognition receptor (PPR), 9 further highlighting the role of the innate immune system in maintaining a healthy epithelium.
Although our understanding of the major aspects of intestinal immunity increased substantially, very important issues, especially the control and architecture of the innate immune response of different cell types in the intestine or the mechanisms that dampen the response to protect the indigenous microbiota, remain elusive. Genetically tractable model organisms such as the fruit fly Drosophila melanogaster, which are equipped with a relatively simple innate immune system, allow us to experimentally address various unanswered questions. The fruit fly is able to cope with a great variety of different pathogens including bacteria, fungi, viruses, and eukaryotes, most of them trying to invade through the intestinal epithelium. 10, 11 Although the fly's intestinal epithelium is much more simply organized than the mammalian one, it is faced with exactly the same set of problems, apparently leading to similar approaches to solve them. Recently, some basic aspects of epithelial immune responses, especially of intestinal immune responses in Drosophila, have been characterized. The most important way to fight intestinal pathogens appears to be the generation of reactive oxygen species (ROS) via the dual oxidase (Duox). 12, 13 Conventional strategies of the innate immune system, including the NF-kB-dependent production of AMP, seem to function as back-up systems that become relevant in cases where ROS-resistant bacteria colonize the gut.
14 Different mechanisms that dampen the immune response through microbe-associated microbial patterns (MAMPs) produced by the indigenous microbiota have been proposed. These include the release of amidases that inactivate petidoglycans 15, 16 or inhibition of antimicrobial responses by the transcription factor caudal. 17 In the current study, we tried to elucidate the architecture of the intestinal epithelium and understand the contribution of different cell types to the overall intestinal immune reaction. We found that FoxO signaling, which frequently mediates danger/stress responses, 18, 19 is a major way to induce the production of AMP genes in enterocytes, whereas conventional NF-kB signaling appears to be restricted to a few cell types including ISCs and so-called copper cells (CCs). A shared characteristic of these cell types is the strictly localized nature of the response, a mechanism that distinguishes between pathogens and commensals based on their invasiveness rather than on recognition of MAMPs.
RESULTS

Oral infection induces an epithelial antimicrobial response and activation of dFoxO signaling
In Drosophila, oral infection with a variety of pathogenic bacteria is able to induce an immune response in different parts of the intestinal epithelium. 20 To precisely identify the regions where this immune response takes place, the expression of AMP-coding genes was monitored using fly strains containing AMP-promotor-GFP (green fluorescent protein) constructs. Flies were orally infected with the Gram-negative bacterium Serratia marcescens (Db11; Supplementary Figure 1 online) . Representative results obtained with two different AMP-reporter lines are shown (attacin::GFP and defensin::GFP; Figure 1 ). The attacin::gfp line showed strong expression in the proventriculus in response to oral infection (Figure 1b) , whereas the matching controls show much weaker basal signals (Figure 1a ). In the defensin::gfp reporter line, mainly the regions of the anterior midgut were labeled in a mosaic-like manner (Figure 1c and d) . Moreover, we orally infected a nuclear thor-lacZ (4E-BP-lacZ) line 21 with Serratia DB11 and could visualize strong infection-induced expression in enterocytes of the intestine (E, control; F, infected Oral infection with Serratia also induced activation of thor expression, which is a canonical FoxO target gene, as visualized using a thor-lacZ reporter strain (e and f, arrow). Transcript levels of various immune-related genes in response to oral infection with Serratia (6 h post infection) was quantified using quantitative real-time PCR (qRT-PCR) with isolated intestines from infected and control w 1118 (6 h) or were left undisturbed (G). The AMP genes diptericin, attacinB, and attacinA were significantly upregulated in intestines of wild-type animals in response to an infection, similar as the pattern recognition molecule pgrp-sc, whereas the increase in transcript levels observed for upd3 was not statistically significant. Foxo 21/21 animals on the other hand showed no significant increase in transcript levels of any of these genes in response to oral infection, indicating that dFoxO is required to launch this epithelial antimicrobial response (Figure 1g) .
To further evaluate the signaling mechanisms that underlie the infection-induced expression of AMP genes in the intestinal epithelium, we performed in situ analyses of the major pathways involved in epithelial immunity of the fly. These pathways comprise Ca 2 þ -mediated activation of ROS production by Duox and NF-kB-as well as FoxO-mediated activation of AMP production. To visualize pathway activation, suitable enhanced fluorescent proteins-tagged proteins that show translocation to other cellular compartments in response to this pathway activation were used. This was achieved by targeting expression of the corresponding fusion constructs (using UAS-PLC--RFP, UAS-Relish-GFP, or UAS-dFoxo-GFP) to intestinal enterocytes (ECs; using the NP1-Gal4 driver line). Oral infection with S. marcescens induced translocation of PLC-from the cytoplasm to the plasma membrane, which indicated that the Ca 2 þ -PLC--Duox pathway responds to infection under these conditions (Figure 2a) , a reaction that has already been reported as a response to intestinal infection. 13 In addition, infection (S. marcescens, OD25 for 24 h) was able to activate the CaLexA system in ECs that effectively monitors prolonged Ca 2 þ signaling in target cells. 22 Moreover, infection triggered nuclear translocation of FoxO in ECs of the fly's intestine, with an almost complete nuclear translocation was observed 24 h post infection (Figure 2c ). In contrast, we did not observe any nuclear translocation of Relish, the NF-kB factor of the IMD pathway, in response to infection in ECs, indicating that the corresponding IMD pathway is not activated in these cells (Figure 2b) . A dose-response study using different doses of infectious bacteria revealed that FoxO translocation in ECs is induced at low pathogen concentrations (OD1), whereas that of Relish is not induced at all. Surprisingly, Dorsal, an NF-kB factor that has been associated with Toll signaling, also shows nuclear translocation in response to oral infection (Supplementary Figure 2) . In addition, time series experiments revealed that FoxO translocation into the nucleus of ECs was 8 h post infection at an advanced stage. In these experiments, we employed conventional immunohistochemistry to show that the use of tagged reporter proteins is a suitable approach and gives very similar results (Supplementary Figure 3) .
AMP synthesis in ECs can be activated by local FoxO signaling
To achieve spatial and temporal control of expression, we employed the TARGET system, 23 which adds a temperaturesensitive Gal4 inhibitor to the Gal4/UAS system (NP1-GAL4; tubGal80 ts ). By shifting the temperature from the restrictive temperature (19 1C, Gal80 is active, no Gal4-induced expression) to the permissive temperature (30 1C, Gal80 is inactivated, Gal4-dependent transcription is possible), we can switch on either the IMD-, or the Toll pathway as well as FoxO-dependent responses in ECs only. Subsequently, we quantified the transcript levels of five major AMP genes (attacin, drosomycin, diptericin, defensin, and drosocin) in material derived from manually isolated intestines using quantitative real-time PCR (qRT-PCR). Intestines were isolated from the experimental animals 24 h post induction. Animals of the same genotype that were kept at the restrictive temperature served as controls. In (Figure 3a) , we ectopically activated FoxO-dependent signaling by simple overexpression of dfoxo (NP1-GAL4; tubGal80 ts X UAS-dfoxo). Except drosocin, all other AMP genes showed a strong and significant increased expression, which was for attacin and diptericin several hundred-fold. Moreover, a group of genes that was shown above (Figure 1g ) to be inducible by oral infection can also be induced by ectopic foxo overexpression (Supplementary Figure 4) . As infection-induced expression of these genes (comprising attA, attB, PGRP-SC, thor, or Lip4) depended on functional dFoxO, a central role of dFoxOdependent signaling for intestinal antimicrobial responses is further supported. Ectopic expression and release of PGRP-LE by ECs (NP1-GAL4; tubGal80 ts X UAS-pgrp-le; Figure 3b ), which activates the IMD pathway in all cells contain the entire IMD-pathway machinery, especially the central PPR PGRP-LC, led to only minor increases in transcript levels. Only attacin showed a slightly increased expression, which implies that the majority of cells in the intestine does not express a fully functional IMD pathway. If we overexpress the major PPR PGRP-LC on the other hand (NP1-GAL4; tubGal80 ts X UASpgrp-lc), massively increased transcript levels for all AMP genes were observed. For attacin, diptericin, and drosocin the transcript levels increased several hundred fold ( Figure 3c ). This implies that the IMD-pathway machinery is functional in ECs; however, the major pattern recognition molecule PGRP-LC is not present at all or only in very low concentration. Chronic and prolonged overexpression of pgrp-lc in ECs only led to premature death of all tested animals. To activate Toll signaling in the intestine, we ectopically expressed a constitutively active version of spaetzle in ECs, which is the ligand of the Toll pathway (NP1-GAL4; tubGal80 ts X UAS-spz CA ; Figure 3d ). In this case, only very slightly increased expression of some AMP genes could be observed.
To learn whether the effects of FoxO activation on the induced transcription of AMP genes is direct or indirect, we performed an in silico approach to identify potential FoxO-binding sites in the presumptive promoter regions of ARTICLES MucosalImmunology | VOLUME 9 NUMBER 4 | JULY 2016 the genes of interest. This was performed with conventional blast analyses employing between 1.5 and 2 kb upstream of the transcription start site. Exactly, as described by Becker et al., 24 we identified conserved FoxO-binding sites (TTGTTTAC) only in the cecropin and drosomycin promoter regions. The general forkhead-binding site on the other hand could be identified in most promoter regions (TNTTTAN). Thus, it is not possible to decide whether the effects are direct (mediated via the conserved FoxO-binding site or the more general forkhead-binding site) or are indirect, mediated via a yet unknown signaling mechanism. Oral infection with Serratia marcescens Db11 activates different immune-dependent signaling pathways in enterocytes. Different reporter constructs targeted to enterocytes (ECs) were used to elucidate the signaling pathways involved in the epithelial immune response to an oral infection with S. marcescens Db11. NP1-Gal44UAS-PLC-mRFP (a), which express a RFP-tagged fusion with PLC in ECs only, showed cytoplasmic localization under control conditions (top row), whereas infection-induced translocation to the membrane (bottom row). Infection was able to activate green fluorescent protein (GFP) expression in CaLexA flies, indicative for prolonged Ca 2 þ activation in enterocytes. NP1-Gal44UAS-Relish-YFP drives expression of a YFP-tagged Relish protein to ECs (b). Nuclear translocation was not observed under control conditions (top row), or following infection with S. marcescens (bottom row). NP1-Gal44UAS-dFoxO-GFP targets a GFP-tagged dFoxO protein to ECs (c). Under control conditions (top row), the signal was found in the cytoplasm, while infection with S. marcescens induced its nuclear translocation (bottom row). Bar ¼ 20 mm.
rates in response to oral infection with S. marcescens compared with control animals (Figure 4a-d Moreover, we developed a novel type of bacterial load assay and performed it with the three genotypes mentioned above (foxo 21/21 , rel E38 , and w 1118 ), both in males and in females (Figure 4e,f) . In order to allow quantification of the number of ingested bacteria, flies were fed with a solution containing S. marcescens (OD1) in 5% glucose that was supplemented with a blue food dye for only 2 h. Photometric determination of the amount of ingested, colored liquid allowed quantification of the total number of ingested bacteria. This assay showed that, although control animals and animals impaired in FoxO or IMD signaling ingested the same number of bacteria, a substantially (statistically significant) higher amount of Serratia was seen in foxo 21/21 males at 48 h post infection (Figure 4e ), whereas this was not seen in females or either in rel E38 males or females (Figure 4e and f) . These results imply that especially foxo 21/21 males have problems in controling the number of ingested bacteria in the intestine.
Characterization of intestinal cells that launch an immune response following IMD activation
Despite the observed insensitivity of the ECs' IMD pathway to oral infection, an important role of this signaling pathway for intestinal immunity has been documented. 25 To elucidate whether other cells of the intestine are able to trigger an Table 2 ). For the bacterial load assays, adult animals of males (e) and females (f) were fed with Serratia DB11 (OD1 in 5% sucrose) for 2 h that was supplemented with blue food dye to allow quantification of the ingested bacteria (starting points) and then placed on normal medium. Labeling of genotypes was as in a-d and the mean values±s.e.m. (four biological replicates) are displayed. ** Po0.01, t-test.
IMD-dependent immune response, and to identify these reactive cell populations, we adopted an overexpression approach that allowed us to identify the complete set of IMD-responsive cells in the intestine. Organ-wide release of the soluble PPR PGRP-LE into the intestinal lumen activates all cells expressing PGRP-LC, the major PRR of the IMD pathway. Furthermore, as drosomycin is a target gene of the IMD pathway in epithelial tissues, its promoter activity can be used as a measure of pathway activity. By crossing the EC-specific driver line NP1-GAL4 with UAS-FLAG-pgrp-le; Drs-GFP we could simultaneously induce enhanced release of PGRP-LE and measure cell responsiveness by GFP reporter activity. To optimize the detection of GFP signals, the reporter was detected using immunohistochemistry. We could not detect any signal in ECs; however, three different cell regions/populations in the midgut of Drosophila showed a very strong and reproducible signal. These regions comprise the proventriculus (Figure 5a-c) , a large group of small and dispersed cells, as well as the anterior region of the midgut (Figure 5d ). In addition to the proventriculus, whose activation during gastrointestinal tract infection has been characterized in great detail, the other cell populations have also been identified using double-labeling experiments. The second cell group that shows expression of AMP in response to IMD-pathway activation comprises small cells scattered over the entire midgut. Structurally, these cells resemble ISCs. Colocalization experiments using GFP (Figure 5e , h, g and j, green channel) to detect drosomycin-promotor activity, and the stem cell-marker Delta (Figure 4f , i, g and j, red channel), showed that these drosomycin-expressing cells are indeed ISCs (Figure 5d-j) .
The third group of cells able to launch an IMD-dependent immune response shows characteristics of so-called CCs. These cells constitute the acidic regions of the anterior midgut and are very large, cup-shaped cells with a deep invagination connected to the intestinal lumen via a small pore. As CCs are metal cation-incorporating cells, they accumulate metal cations to very high levels. 26 Feeding larvae with CuSO 4 -containing medium for 24 h allowed their identification because they showed a marked ultraviolet-induced fluorescence (Figure 5k and l) . We performed time course experiments of Relish-and Foxo translocation in CCs. Only Relish translocated into the nucleus in response to an infection, whereas Foxo did not (Supplementary Figure 5) . The cellular organization of CCs (Figure 5m) , which is hidden from the central lumen of the intestine while launching an immune response, resembles Paneth cells in the crypts of the small intestine. Paneth cells, the major immune-competent cells in the human intestine, express a characteristic set of genes, including those for AMP, lysozymes, metallothioneins, and soluble phospholipases A2 (sPLA2s). 27 Thus, we tested whether homologous genes are expressed in the CCs of the anterior midgut. The proventriculus, a part of the anterior midgut between the proventriculus and the CC region, and the CC region itself, were isolated manually. qRT-PCR with complementary DNA derived from the different regions revealed that in the CC region major genes that had been used to characterize Paneth cells were present (Figure 5n ). In the other adjacent midgut regions, this was not the case. Notably, metallothionein and sPLA2 were absent or were present at only very low levels (Figure 5n ).
DISCUSSION
The intestinal immune system of the fruit fly is made of three almost independently operating modules, allowing the launch of an appropriate immune response against infection while protecting the indigenous microbiota. Keeping the response local appears to be strategy of this multilayered immune system. In the current study, we showed that dFoxO-mediated signaling in the intestine is necessary to survive oral infection by S. marcescens and to control the intestinal bacterial load. Moreover, induction of epithelial antimicrobial responses also depends on functional dFoxO signaling in ECs of the intestine. In contrast, functional IMD signaling is restricted to very few cell types of the intestine that have very peculiar structures (the proventriculus, the CCs, and the ISCs).
The architecture of the intestinal immune system has to follow simple rules in order to maintain tolerance against the microbiota while retaining the capacity to fight pathogens effectively. Most importantly, immune responses have to be kept local and the dissemination of antimicrobial compounds has to be restricted. In the mammalian intestine, AMPs are produced into the mucosal layer, forming a gradient from the cell membrane to the apical part of the mucus. Although bacteria attaching to the mucus layer come into contact with antimicrobial compounds, the deeper they invade into the layer toward the ECs, the higher the AMP concentration is. 28 Consequently, while being protected against invading pathogenic bacteria, the indigenous microbiota is not affected. 29 The peritrophic membrane in insects may be the functional equivalent to the mucus layer. It separates the intestinal lumen with the bacteria from the epithelial cells, 30 and has an important role in pathogen resistance in Drosophila. 31 Furthermore, the proventriculus, which shows production of AMPs following oral infection, also produces the peritrophic membrane, indicating that this region of the intestine plays a critical role for the protection against pathogenic bacteria.
Our work has shown that, depending on the intestinal cell type, the production and release of AMPs is controlled by at least two different mechanisms. Activation of the IMD pathway, which is the sole innate immune pathway operative in epithelia, depends on the recognition of bacterial MAMPs by major PRRs such as PGRP-LC. Our finding that dorsal translocates in ECs in response to an infection is currently not understood at all. Dorsal is devoted to the Toll pathway that is believed to be nonoperative in epithelia of the fly. 32, 33 Our attempts to activate Toll signaling in the intestine that failed to induce a pronounced antimicrobial response supported these earlier studies. Thus, a functional role of dorsal in intestinal immunity remains to be elucidated. A major cell population of the intestine, the ECs, is always at risk of being activated by MAMPs derived not only from pathogens, but also from the indigenous microbiota. The architecture of major parts of the fly's epithelial immune system presumably aims to reduce impairments of the microbial community in case of an immune response. This is achieved by restricting responses to the site of direct pathogen contact. In the Drosophila intestine, the production of ROS by ECs appears to be one of the first responses against invading pathogens.
34-37 Duox-dependent production of these toxic compounds is triggered locally by bacterial uracil and remains localized because ROS diffusion is spatially limited. 38 It has been proposed that this induced production of ROS is the most important part of the intestinal defense system. 39 The synthesis of AMP complements the production and release of ROS, therefore, creating a multilayered intestinal immune response. 39 To ensure locality of the second type of antimicrobial responses in ECs, the production and release of AMPs we identified are not dependent on MAMP recognition via conventional innate immune signaling-pathway activation. This view is supported by our overexpression experiments, where ectopic expression of PGRP-LE was not able to induce substantial AMP expression in the intestine, while that of PGRP-LC was. Released PGRP-LE can only activate the IMD pathway in those cells that express the major PPR PGRP-LC at a certain concentration. Therefore, it is ideally suited to identify and characterize those cells that are fully immune (meaning IMD)-competent. In the intestine, the majority of ECs is obviously not. The experiments, where PGRP-LC was ectopically overexpressed, clearly showed that ECs are able to express AMPs in an IMD-dependent manner, but that these cells express very low levels or even no PGRP-LC under normal conditions, thus shutting down conventional MAMP-based activation of innate epithelial immune responses in these cells. Our observation that prolonged and strong IMD activation (via ectopic PGRP-LC expression) in ECs led to premature death of the animals further supported our hypothesis that IMD signaling has to be restricted in enterocytes. We propose that the expression of AMP genes entirely depends on danger-mediated signaling acting locally at the site of damage. This response is presumably FoxO-dependent and ensures that focal rather than massive release of AMPs is the result of a pathogen-epithelium interaction. Our results, especially the absence of induction of AMPs in response to infection in FoxO-impaired animals, support this hypothesis. Avoiding conventional innate immune signaling therefore would allow differentiation between indigenous microbiota and pathogenic (invasive) bacteria. Only pathogenic bacteria try to invade, coming into contact with the epithelium, and thus only these regions are endangered and need protection. FoxO-dependent local release of AMPs is therefore the ideal way to react to these pathogenic bacteria. Another aspect of FoxO-mediated signaling in the intestine complements the antimicrobial epithelial response. Following oral infection with E. carotovora, activation of the FoxO/JNK axis induces an antioxidative response, 40 which may protect epithelia from damage caused by Duox-generated ROS during an antimicrobial response, thus ideally complementing the multifaceted intestinal response to pathogens. An alternative role of FoxO has very recently been described. In ageing flies, immune senescence of the gut is associated with increased FoxO activity in ECs. This increased FoxO activation disturbs both, the lipid 41 as well as the immune homeostasis of the intestine. 42 The latter response is caused by a FoxO-mediated reduction PGRP-SC expression, which is a potent inhibitor of NF-kB-signaling pathways in the fly's intestine. 42 Guo et al. proposed that the positive effect of FoxO activation is indirect, mediated via releasing inhibition of the IMD-signaling pathway. In contrast, our data are perfectly congruent with the assumption that FoxO activation directly induces an epithelial immune response. Nevertheless, it is possible that FoxO directly interacts with IMD signaling within the EC, thus utilizing parts of the innate immune machinery of these cells for a stress/danger-induced activation of AMP gene expression.
Despite the role of FoxO-dependent production of AMPs in ECs, IMD-dependent production of AMPs is of great importance for intestinal immunity. We found it in specific places within the intestine, presumably to protect these cells. In addition to the proventriculus that forms the peritrophic membrane, two other cell types, the CCs and ISCs, also show IMD-dependent production of AMPs. CCs are secreting cells that are responsible for acidification and detoxification. 26 In contrast to other intestinal cells, their major surface area is hidden from the intestinal lumen. They form a structure comparable to an intestinal crypt in a single cell, connected to the intestinal lumen only through a small pore. Pathogenic bacteria trapped in this invagination represent a very severe risk. When bacteria enter these invaginations they are no longer transported together with the intestinal content, which represents an ideal situation for local colonization. Upon invasive S. marcescens infections, these bacteria have been identified in the CCs' invaginations 43 and, therefore, these invaginations need very effective antimicrobial systems. As shown recently, CCs are AMP-producing cells activated through monomeric DAP-type peptidoglycan. 44 Besides having similar architecture, Paneth cells and CCs of the fly share additional commonalities regarding their role as immune cells guarding these structures, as well as their expression patterns.
ISCs are the last group of cells involved in IMD signaling. Presently, little is known about the protective role of ISCs; in particular, it is unclear whether they have a role in AMP production and why such a peptide synthesis is detectable in these cells at all. Taking their small size into account, the production of AMPs by ISCs should not have any systemic effect or any effect on bacteria residing in the intestinal lumen. Production of AMPs by ISCs has recently been described. Michael Boutros group was able to show that MAPK-mediated inhibition of NF-kB signaling induces AMP production in these cells, which presumably aids the survival of ISCs, even if pathogens managed to invade the intestinal epithelium. 45 This situation again resembles that of Paneth cells that guard and protect adjacently located ISCs. Drosophila ISCs perform the role of both mammalian Paneth cells and ISCs.
Taken together, our experiments showed that the intestinal immune system is made of multiple modules leading to either local ROS production or local AMP release. This architecture ensures strictly localized antimicrobial responses, enabling efficient pathogen removal while protecting the indigenous microbiota. FoxO-dependent signaling has a central role in defense against pathogenic bacteria. were obtained from the Bloomington Stock Center. The CaLexA flies (LexAop-CD8-GFP-2A-CD8-GFP/LexAop-CD8-GFP-2A-CD8-GFP; UAS-mLexA-VP-NFAT C del(4-2), LexAop-CD2-GFP/TM6B) were generously provided by Ronald Kühnlein (Göttingen, Germany). Flies were kept at 25 1C on standard Drosophila medium (cornmeal, yeast, glucose, sugar beet molasses, agar, and preservatives). After hatching they were kept on normal medium for 7 days. Mated females were used for experiments.
METHODS
Oral infection. Overnight bacterial cultures (S. marcescens (Db11)) were grown at 30 1C in lysogenic broth medium supplemented with Streptomycin (10 mg ml À 1 ). Concentrated cultures were resuspended in 5% sucrose. For infection, flies were moved to vials covered with a filter disk saturated with 300 ml of the bacterial suspension (OD 600 50). Controls were fed the same way, except that filter disks were saturated with 5% sucrose only. The flies were then kept at 30 1C.
Bacterial load assay. To assess the ability of different Drosophila strains to cope with ingested pathogenic bacteria, we adapted conventional bacterial load assays to allow quantification of the number of ingested pathogenic bacteria. Adult flies (4-6 days after hatching) were starved for 2 h, followed by addition of S. marcescens (OD 1 final concentration) resuspended in 5% glucose that was supplemented with food dye (0.5% blue dye E133 brilliant blue, Roth, Karlsruhe, Germany). Animals were allowed to feed for 2 h, and only those animals with visual blue coloration of the abdomen were used for the bacterial load assay. In order to quantify the amount of ingested bacteria, groups of three animals (males and females separated) were homogenized and their OD 600 was measured spectrophotometrically. A standard curve obtained by measuring dilutions of the colored inoculum was used to quantify the initial bacterial load. After defined time points, groups of three animals each were taken, homogenized, and plated onto lysogenic broth agar plates (Streptomycin 10 mg ml À l ). After an incubation at 30 1C overnight, colony-forming units were counted. Each point is the mean of five biological replicates (mean values ± s.e.m.).
Immunohistochemistry CaLexA system and image acquisition.
Immunohistochemistry was performed as previously described. 53 Translocation of transcription factors (Relish and FoxO) and of PLC was assessed using enhanced fluorescent proteins-tagged versions of the corresponding proteins targeted to the intestine using the NP1-Gal4 driver. Using the same NP1-Gal4 driver line, CaLexA-ready flies were produced that allowed monitoring its activation in ECs.
LacZ staining. After 5 days, thor-lacZ female flies were starved for 16 h overnight at 25 1C on an agar-containing medium with watersaturated filter paper to avoid dehydration. For infection, a fresh overnight culture of S. marcescens (see above) was used. A bacterial suspension of OD 600 10 was fed for 6 h. Controls were fed the same with 5% sucrose only. Subsequently, the intestines were dissected in 1 Â phosphate-buffered saline and then were fixed in 0.75% glutaraldehyde for 15 min. Tissue was washed three times in fresh 1 Â phosphatebuffered saline and incubated in pre-warmed (37 1C) staining solution containing 0.025% X-Gal. The samples were incubated for 30 min at 37 1C. Pictures were immediately taken using the SZX12 microscope (Olympus, Hamburg, Germany) under identical conditions for both types of samples.
qRT-PCR. To evaluate expression levels of AMP-coding genes, we crossed temperature-inducible EC-specific driver lines (NP1-Gal4; tub-Gal80 ts ) with the responder lines UAS-PGRP-LE, UAS-PGRP-LC, UAS-spz CA , or UAS-FoxO. Usually, animals were held at the restrictive temperature (19 1C) . Ectopic expression was induced by a brief shift to the permissive temperature (29 1C) . Animals of the same genotype, which were not subjected to the inducing temperature shift, served as controls. mRNA isolation, complementary DNA synthesis, and qRT-PCR were performed as previously described. 54 The amount of the detectable mRNA was normalized to the reference gene RpL32 and relative quantification was performed using the modified DD C t method. 33, 55 For infection experiments, animals of the indicated genotypes were used and the material (isolated intestines) were treated as described above.
Infection experiments. Directly after hatching, flies were separated and males and females were analyzed separately. Oral infection was performed every second day with a fresh solution of Db11 in 5% sucrose (OD 600 450). Flies were kept in a bench top incubator at 30 1C with a 12 h/12 h light-dark cycle. Results are presented as the percentage of living flies after the first day of infection. Statistical analysis was performed using GraphPad Prism 6.00 (GraphPad Software, La Jolla, CA) with the log-rank (Mantel-Cox) test.
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